Abstract It has been postulated that patients with chronic renal failure, even in the absence of cardiopulmonary symptoms, accumulate interstitial pulmonary fluid, which is removed by haemodialysis. To test this hypothesis we used the indocyanine green (ICG)-heavy water double indicator dilution method to measure lung water, cardiac output, and central blood volume in relation to haemodialysis. Ten uraemic patients, without cardiopulmonary symptoms, were investigated at the beginning and end, and 2 h after, a regular dialysis session. A group of 18 surgical patients about to undergo elective abdominal surgery served as controls. Despite normal gas exchange, central blood volume, and cardiac output at the start of dialysis the mean (SD) lung water was significantly higher than in the control group [4.8 (0.9) compared with 3.6 (0.7) ml/kg, P<0.001]. There was no correlation between weight gain between sessions of dialysis and the magnitude of lung water at the start of dialysis. Lung water decreased (P< 0.001) to the level of the control group in response to dialysis. There was no correlation between weight loss and reduction in lung water induced by dialysis. In conclusion, we have verified the presence of subclinical pulmonary oedema which was removed by dialysis in a group of patients with established renal failure. The variations in lung water cannot be explained by hydrostatic mechanisms alone.
Introduction
The lungs are protected against the formation of oedema by the dynamic interaction between the factors constituting the Starling equation. Imbalance between these factors may cause an increase in lung water, resulting in pulmonary oedema [1] . A common clinical
Correspondence and offprint requests to: Lars G. Leksell, MD, Department of Anaesthesia and Intensive Care, Karolinska Institute, S-176 71 Stockholm, Sweden. impression is that uraemic patients develop signs of pulmonary oedema in parallel to the weight gain between sessions of haemodialysis. In a group of 80 uraemic patients without clinically important lung or chest wall disease Bush and Gabriel found that the whole lung carbon monoxide transfer factor was reduced, which they attributed to subclinical pulmonary oedema [2] . Zidulka et al. found that premature airway closure was reversed by haemodialysis, and Romaldini et al. showed an improved ventilation/ perfusion (V/Q) ratio in response to haemodialysis [3, 4] . Both these findings were attributed to the removal of accumulated interstitial fluid.
The present study was undertaken with the hypothesis that: (i) patients with renal failure have an increase in lung water at the start of haemodialysis; and (ii) lung water decreases in response to haemodialysis. The aim was to measure lung water in patients at the start, at the end, and 2 h after a regular haemodialysis session. A newly developed versatile, non-radioactive, double indicator dilution technique of low invasiveness, suitable for repeated bedside measurement, was used for the measurement of lung water [5, 6] .
Subjects and methods

Patients
The study was approved by the Ethics Committee at the Karolinska Hospital and all patients gave their informed consent. All patients included in the study group had established chronic renal failure (median duration 22 months, range 10-108 months) and were on three times a week maintenance haemodialysis. Sixteen patients were recruited to the study and satisfied the following criteria: (i) they had no diagnosed pulmonary disease or venous congestion on radiological examination; (ii) they had no diagnosed cardiac disease and showed sinus rhythm on an electrocardiogram; and (iii) they were not hypertensive or taking a P-blocker. Five patients were excluded because of altered circulation in their arteriovenous fistula, and one patient was excluded because of nausea at the start of the study. Clinical characteristics of the 10 patients in the study group are shown in Table 1 . A group of 18 patients about to undergo elective abdominal surgery, who had normal fluid balance and normal pulmonary, cardiac, and renal functions, served as controls [6] . Characteristics of the controls and the study group are presented in Table 2 . All patients in both groups had normal physiques. All data on lung water and haemodynamic variables were taken from awake patients lying supine.
Haemoclialysis
Patients were treated with conventional twin needle haemodialysis using a forearm arteriovenous fistula with extracorporeal blood flow rates between 250 and 350 ml/min. Anticoagulation was achieved by administration of heparin. Each needle was attached to a large stopcock with the straight arm connected to the haemodialysis equipment. The extracorporeal circulation was primed with isotonic saline (1000 ml), which was discarded at the start of haemodialysis. Nine patients were dialysed with polysulfone membrane (Fresenius AG, Germany) and one (no. 4) was dialysed with Table 2 . Comparison between the control group and the study group a cuprophane membrane (Gambro AB, Sweden) using a single-pass delivery system. Dialysate flow was 250-350 ml/min. Sodium bicarbonate was added individually to the dialysate to give plasma concentrations of sodium 142 mmol/1 and bicarbonate 29 mmol/1 at the end of dialysis. During haemodialysis the patients were allowed to drink 300 ml water, but no fluid intake was allowed during the 2 h after haemodialysis.
Measurements
The patients were weighed on a precision scale (model 304, AB Stathmos, Sweden) immediately before and after haemodialysis. At each data collection point heart rate and blood pressure were measured. Blood samples were taken for the measurement of packed cell volume, osmolality, and concentrations of haemoglobin, urea, creatinine, and sodium. Arterial blood gases (Radiometer, ABL 520, Denmark) and 
Indicator dilution measurements
The indicator solution was made of the stable isotope heavy water ( 2 H 2 O) 0.25 ml/ml (MSD Isotopes, Canada), sterile water 0.75 ml/ml and indocyanine green (ICG) 4.17mg/ml (Cardiogreen, Hyson, Westcott and Dunning Products, USA). A bolus of indicator (2.5-5 ml) was injected into the venous limb of the fistula and simultaneously blood was withdrawn from the arterial limb (30 ml/min) as described by Skillman et al. and Romaldini et al, to a double indicator dilution densitometric system [4, 7] .
The dual densitometric system for on-line detection of heavy water and ICG in whole blood has been described earlier [5, 6] . The indicator dilution curves for the two indicators were presented on the screen of a personal computer ( Fig. 1 ). Standard formulas were used for the calculation of cardiac output for heavy water (CO 2H 2o) and mean transit times for heavy water (f 2H2 o) a n d ICG (FI C G) [8] . Central blood volume was calculated as the product of CO 2H2O and F ICG [8] The measurement of extravascular lung water using heavy water and ICG includes the interstitial and the intracellular compartments. In an experimental study we found heavy water-ICG lung water values close to the lung water values obtained gravimetrically in both healthy and oedematous lungs (unpublished observations) in agreement with other molecular techniques [10] . The coefficients of variation for the measurement of cardiac output, central blood volume and lung water using indocyanine green and heavy water as indicators were 7%, 10% and 16%, respectively.
Protocol
Blood samples, haemodynamic data, and a triplicate of double indicator dilution data were collected at three denned data collection points: immediately after the patient was connected to the extracorporeal circuit with the blood running through the membrane but before active haemodialysis; after finishing active haemodialysis before disconnecting the extracorporeal circuit; and 2 h after haemodialysis.
The first four patients studied showed a pronounced reduction in central blood volume, cardiac output, and lung water. The decrease in measured lung water could thus be artificial and attributed to a reduced perfusion of pulmonary tissue. To test the correlations between lung water and central blood volume and between lung water and cardiac output, respectively, the protocol for the following six patients was modified. After sampling at each data collection point a bolus of ephedrine 5 mg and atropine 0.25 mg was injected intravenously to alter central blood volume and cardiac output. Five minutes after the injection new indicator dilution data were collected.
Statistics
Values are means (SD). The SOLO Statistical System 4.0 software (BMDP Statistical Software Inc., USA) was used for statistical analysis. The data obtained before and after the administration of ephedrine and atropine from the six patients described above were used to test the correlation between lung water and cardiac output, and between lung water and central blood volume, respectively. In all other analyses the data obtained immediately after the administration of ephedrine and atropine were excluded.
Comparison between the study group at the start of haemodialysis and the control group was done by Student's unpaired two-tailed and chi-square tests.
Analysis for differences between the three data collection points within the study group was by two-way analysis of variance with the two block factors patient and data collection point. The residual variance was used as test factor and Duncan's multiple comparison test was used as post-hoc test. A P value less than 0.05 was considered significant.
The relative change in a variable between the start and 2 h after haemodialysis was used to test the correlation between two variables. Data for weight and lung water 2 h after haemodialysis were considered as baseline values in the study group. The loss of weight between the start of haemodialysis and 2 h after haemodialysis was also considered to represent the gain between dialyses.
Results
Haemodialysis course
All dialysis sessions were uneventful and there were no adverse reactions related to the study. The haemodialysis resulted in a significant reduction in weight, systolic blood pressure, serum creatinine, serum urea, and osmolality and a significant increase in haemoglobin and plasma sodium concentrations, changes that persisted 2 h after haemodialysis (Tables 3 and  4) . Central blood volume and cardiac output decreased as a result of haemodialysis and recovered 2 h after haemodialysis (Table 3) .
Gas exchange
Values for arterial oxygen (O 2 ) tension, CO 2 tension, end-tidal CO 2 tension and arterio-alveolar CO 2 differ- ence were all within normal limits at the start of haemodialysis (Table 4 ). There was a significant fall in arterial O 2 tension and in arterial hydrogen ion concentration in response to haemodialysis, which remained constant in the 2 h after haemodialysis ( Table 4 ). The only patient (no. 3), who had an increase in arterial O 2 tension in response to haemodialysis not only showed an increased hydrogen ion concentration but also the single largest reduction in lung water (50%) in response to haemodialysis.
Lung water
At the start of haemodialysis the study group had significantly more lung water than the control group (Table 2 , Fig. 2 ). The amount of lung water did not correlate with weight gain since the previous dialysis (Fig. 3) . In all 10 patients lung water decreased from the start to the end of haemodialysis (Fig. 2) . In eight patients lung water remained reduced 2 h after haemodialysis (Figs 2 and 4 ). In the remaining two patients, nos 1 and 2, lung water returned to its pre-dialysis level (4.1 and 4.7 ml/kg, respectively) in spite of a weight loss of 6.0 and 3.1 kg, respectively (Figs 2 and 4). On the whole there was a significant decrease in lung water close to the level of the control group and the reduction remained for the following 2 h (Fig. 2 , Table 3 ).
The change in lung water was not correlated with f 2
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Fig. 2. Individual lung water data from the control group (n=18) and the study group (n= 10) at the three data collection points.
the reduction in weight induced by the haemodialysis (Fig. 4) . The patient (no. 1) with the largest weight gain between dialyses (6.0 kg) and the largest weight loss during dialysis (9%) had identical lung water values (4.1 ml/kg) at the start and 2 h after haemodialysis (Figs 2-4) . The patient (no. 10) with the lowest weight gain between dialyses (2.0 kg) and weight loss during dialysis (-3%) had the highest lung water (6.0 ml/kg) at the start of haemodialysis and a reduction in lung water by 37% in response to haemodialysis (Figs 2-4) . In the six patients who received atropine and ephedrine there was no correlation between the change in^ lung water and the central blood volume or cardiac output (Fig. 5A,B ).
Discussion
In this study lung water was repeatedly measured in relation to haemodialysis. The results verify the hypothesis that ambulatory patients receiving regular haemodialysis have subclinical pulmonary oedema in the absence of cardiac and pulmonary symptoms. This pulmonary oedema is removed by haemodialysis.
Methodological considerations
The indicator dilution measurement of volume is limited to perfused tissue. At the end of haemodialysis, with a small central blood volume and a reduced cardiac output, the reduction in measured lung water could be artificial and attributed to reduced pulmonary perfusion. Pulmonary perfusion in association with haemodialysis has been studied using the multiple inert gas elimination technique (MIGET) in two studies. Romaldini et al. found an improved V/Q ratio in spontaneously breathing patients at the end of a regular haemodialysis session in spite of a reduction in cardiac output [4] . Ralph et al. studied mechanically ventilated dogs during haemodialysis and found at the end of haemodialysis a normal V/Q ratio and only a mildly elevated dead space while cardiac output and systolic blood pressure were reduced [11] . In both papers the authors concluded that in spite of the reduction in cardiac output induced by the haemodialysis there was no significant reduction or uneven pulmonary perfusion at the end of haemodialysis. This conclusion was further supported in a review of the clinical relevance of V/Q inequality [12] .
The results in the present study are in agreement with our earlier study in which we did not find any correlation between lung water and cardiac output or between lung water and central blood volume (Fig. 5 ) [6] . This lack of correlation was also confirmed when data at the end of haemodialysis and 2 h after haemodialysis were compared for all 10 patients in the present study. In contrast to lung water, both central blood volume and cardiac output increased significantly during the 2 h after haemodialysis (Table 3) . A hypothetical uneven pulmonary perfusion at the end of haemodialysis could be used as an explanation for the reduction in measured lung water in response to haemodialysis in patients 1 and 2, but not in all 10 patients (Fig. 2) . A more plausible explanation for the modest increase in measured lung water from the end of haemodialysis to 2 h later is that there is a delayed equilibration between the pulmonary tissue (which receives all the cardiac output) and other, less well perfused, organs.
In spite of the lack of evidence of a reduced perfusion of the pulmonary tissue at the end of haemodialysis and to avoid a discussion based on insecure data, we will confine the further discussion to lung water data at the start of haemodialysis and 2 h after haemodialysis.
Lung water
The mean lung water/kg body weight before haemodialysis was significantly greater (33%) than in the control group ( Table 2) . The large overlap in range between the two groups is attributed to the measurement scale used, i.e. ml lung water/kg body weight. Humans have considerable differences in the relation between body size and lung size, so there is a large variation in lung water even among healthy individuals (Fig. 2) . Small changes in lung water in a single patient must be estimated from serial measurements of lung water and small differences in lung water between two populations must be based on data from samples. It has to be emphasized that unless extremely exaggerated a single value for lung water in a single patient is impossible to validate.
The value of lung water in the control group is in accordance with earlier studies based on the use of radiolabelled molecular indicators [13] . Measurement of lung water in ml/kg is the traditional presentation form for lung water. Using this scale in combination with the dry weight as an 'ideal weight' for a group of uraemic patients might be hazardous. Loss of fat reduces body weight but not lung size, so the lung water might be higher in the study group than in the control group. This is improbable as both groups had normal physique and there were no significant differences between the groups regarding sex, age, height, weight, or body surface area, while the difference in lung water between the two groups persisted when lung water was recorded as ml/cm height ( Table 2) . The significantly elevated lung water in the study group thus verifies Bush and Gabriel's postulate that patients with chronic renal failure have subclinical pulmonary oedema [2] . Although all patients had gained weight since their previous dialysis, there was no correlation between weight gain and lung water (Fig. 3) . This is in agreement with Demling's experimental study, in which it was shown that body weight change was an unreliable index of lung water in nephrectomized dogs given a fluid overload (r = 0.43) [14] .
The reductions in body weight, haemoconcentration, and hypotension induced by haemodialysis in the study group were the similar to those reported by others, confirming a significant reduction in total body water and intravascular volume [4] . This study shows that in parallel to the weight reduction the amount of lung water returned to normal in the study group (Table 3 , Fig. 2 ). This verifies the suggestions of Zidulka et al. and Romaldini et al. that accumulated pulmonary fluid is removed by haemodialysis [3, 4] . However, the reduction in lung water was not related to the weight loss resulting from dialysis (Fig. 4) . In two of the patients (nos 1 and 2) no lung water was removed in spite of the considerable weight loss of 5% and 9%. On the other hand, in one patient (no. 10) 37% of lung water was removed although the weight loss was only 3%. Although variations in lung water may be caused by changes in total body water in some uraemic patients, this signifies that factors other than hydrostatic mechanisms contribute to variations in lung water.
Gas exchange
The arterial O 2 tension was normal before dialysis. Together with a normal arterio-alveolar CO 2 difference at the start of haemodialysis (Table 4) , this indicates that an increase of lung water (mean 33%) does not influence gas exchange [1, 15] . This is also in agreement with a number of morphological studies on pulmonary oedema in which it has been found that the early accumulation of interstitial fluid is in areas not involved in gas exchange [1, 16] .
As noted by others, arterial O 2 tension was significantly reduced by haemodialysis [17] . The haemodialysis bicarbonate regimen caused a reduction in hydrogen ion concentration and kept arterial CO 2 tension at a constant level while standard bicarbonate was increased (Table 4) . A reduction in hydrogen ion concentration followed by reflex alveolar hypoventilation was the most likely cause of the reduction in arterial O 2 tension [17] . One patient (no. 4) showed increased hydrogen ion concentration and increased O 2 tension in response to haemodialysis. This may suggest improved alveolar ventilation, but the reduction of lung water of 50% may have contributed to the increase in arterial O 2 tension.
Summary
In this study lung water was quantified before and after haemodialysis in a group of ambulatory patients with chronic renal failure. We applied a newly developed versatile, non-radioactive, double-indicator dilution technique of low invasiveness, suitable for repeated bedside measurement of cardiac output, central blood volume, and lung water in humans.
We found increased lung water before haemodialysis, which was reduced to a normal level by haemodialysis.
The results suggest a linkage between excess body water and excess lung water, in accordance with Zidulkas et al. and Romaldinis et al. [3, 4] . Increased pulmonary artery pressure together with decreased plasma colloid osmotic pressure might cause a resetting of the Starling equation in the pulmonary capillaries. Higher net nitration pressures might induce volume changes of the pulmonary interstitium [18] . However, it has to be emphasized that this hydrostatic oedemaforming mechanism is plausible in some but not all patients. Other mechanisms, such as permeability disturbances as a result of uraemia or the repeated exposure of blood to foreign material such as the haemodialysis membrane, might have a major role in the formation of interstitial pulmonary oedema [19, 20] .
Thus, our results do not allow for any conclusive discussion regarding the underlying mechanisms for variations in lung water in the uraemic patient. To elucidate this, further lung water investigations in different patient groups are needed.
